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Effects of dietary protein restriction and glucocorticoid adminis-
tration on urea excretion in rats. Rats were sampled for clearance
studies under anesthesia after 0, 2, 4, 7 and 14 days of dietary pro.
tein restriction. Mean fractional urea excretion decreased between
day 2 and day 7 of protein restriction after a two-day lag in re-
sponse. Seven-day administration of dexamethasone in protein-re-
stricted rats caused a significant increase in mean fractional urea ex-
cretion. Adrenalectomized rats fed a normal diet had fractional urea
excretion values resembling those in protein-restricted rats. Chronic
administration of dexamethasone in adrenalectomized rats caused a
consistent increase in fractional urea excretion. Fractional urea ex-
cretion values were no lower in protein-restricted adrenalectomized
rats than in protein-restricted nonadrenalectomized rats or adrenal.
ectomized rats fed a normal diet. The mean plasma corticosterone
concentration (measured 6 to 8 PM) was decreased in rats fed a low
protein diet relative to rats fed a high protein diet. The results sug-
gest that glucocorticoids may play a role in the tubular regulation of
urea excretion either by a direct effect on the renal tubule or through
some intermediate factor. A mediating role of glomerular filtration
rate in glucocorticoid-induced changes of fractional urea excretion
could not be ruled out, however.
Effets de Ia restriction en protéines alimentaires et des glucocor-
ticoides sur l'excrétion d'urée chez le rat. Des prélèvements pour des
etudes de clearances ont etC rCalisCs sous anesthsie chez des rats
après 0, 2, 4, 7 Ct 14 jours de restriction en protCines alimentaires.
L'excrCtion fractionnelle moyenne d'urCe diminue entre le 2è et le 7è
jour de restriction protidique. L'administration de dexamethasone
pendant sept jours a des rats soumis a une restriction protidique
determine une augmentation significative de l'excrCtion fraction-
nelle moyenne d'urCe. Les animaux surrenalectomisés qui reçoivent
une alimentation normale ont une excretion fractionnelle d'urée
semblable a celle des animaux restreints en protCines.
L'administration chronique de dexamethasone aux animaux sur-
renalectomisCs determine une augmentation nette de l'excrCtion
fractionnelle d'urCe. Les valeurs d'excrCtion fractionnelle d'urCe ne
sont pas infCrieures chez les animaux surrenalectomisCs et privés de
protéines a celles des rats non surrenalectomisCs et privCs de
protéines ou a celles des rats surrenalectomisés qui recoivent une ali-
mentation normale. La concentration plasmatique moyenne de cor-
ticostérone (mesurée de 18 h a 20 h) est inférieure chez les rats rece-
vant une alimentation pauvre en protCines par comparaison avec
des rats recevant une alimentation riche en protéines. Les résultats
suggCrent que les glucocorticoides peuvent jouer un role dans Ia
regulation tubulaire de l'excrCtion d'urCe soit par un effet tubulaire
direct soit indirectement. Un rOle mddiateur du debit de filtration
glomdrulaire dans les modifications de l'excrétion fractionnelle
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d'urde induite par les glucocorticoides ne peut cependant pas Ctre
exclu.
Urea excretion is regulated at the renal tubular level
in camels [1], sheep [2—6], dogs [7, 8], rodents [9—11]
and humans [12, 13]. In each species the fraction of fil-
tered urea excreted is significantly reduced within four
weeks of the initiation of dietary protein restriction.
Micropuncture studies have demonstrated that the
principal site of tubular regulation of urea excretion is
the collecting duct segment [14, 15]. Several authors
have provided evidence suggesting that urea is actively
transported from the collecting duct lumen [11, 14,
16—19]. However, it has not been established that an
active transport mechanism is responsible for the in-
crease in fractional reabsorption of urea following
protein restriction. It is possible that a relative in-
crease in passive diffusion or solvent drag of urea is in-
volved in the regulatory process.
The nature of the stimulus to the kidney which al-
ters tubular properties in protein-restricted animals
has not been identified. Schmidt-Nielsen and Osaki [2]
examined the effect of hydrocortisone and adreno-
corticotropic hormone (ACTH) on urea excretion in
protein-restricted sheep and found that chronic ad-
ministration of both compounds caused an inconsis-
tent increase in the urine to plasma ratio (U/P) of
urea. Thus, the hypothesis that adrenal glucocorti-
coids are involved in the regulatory phenomenon was
neither strongly supported nor strongly denied. Other
suggested mediators are growth hormone [6, 7], gluca-
gon [6], epinephrine [7] and changes in plasma amino
acid concentrations [6], but little direct evidence exists
in support of any of these hypotheses.
Most studies of renal regulation of urea excretion
have dealt with animals at a steady state with respect
to nitrogen balance. In order to more thoroughly in-
vestigate the mechanisms involved, we have examined
the dynamic characteristics of the regulatory phenom-
enon. Changes in urea and electrolyte excretion with
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time after a shift from a high protein, low salt (HPLS)
diet to a low protein, high salt (LPHS) diet were ob-
served using clearance techniques in nondiuretic,
anesthetized rats. Clearance experiments were also
carried out in high protein, high salt (HPHS) rats to
discriminate between changes in excretion resulting
from alterations in protein and salt intake. To reexam-
ine the role of glucocorticoids in the tubular regulation
of urea excretion, additional clearance experiments
were carried out in LPHS rats after chronic treatment
with dexamethasone, in adrenalectomized normal pro-
tein (NP) rats with and without dexamethasone sub-
stitution and in LPHS-fed adrenalectomized rats.
Furthermore, the effects of changes in dietary protein
and NaCl intake on plasma glucocorticoid concentra-
tions were investigated.
Methods
Time-course experiments. Male Sprague Dawley
rats (Zml:2M(SD)BR, Zivic Miller Co., Allison Park,
PA) were fed a HPLS diet for at least seven days be-
fore beginning a LPHS diet. These diets were pro-
duced by General Biochemicals Company, Chagrin
Falls, Ohio. Dietary compositions are presented in
Table 1. These diets were chosen to establish dietary
conditions equivalent to those in earlier studies of
tubular regulation of urea excretion [8, 11, 15, 17, 181.
Animals were allowed free access to food and water at
all times. Rats were sampled for clearance experi-
ments on the final day of HPLS feeding, and after 2, 4,
7 and 14 days of LPHS intake. An additional set of
clearance experiments was done on rats fed a HPHS
diet (Table I) for at least seven days. Animal weights,
when clearance experiments were done, were as fol-
lows: HPLS group, 269 to 504 g; 2-day LPHS group,
233 to 302 g; 4-day LPHS group, 236 to 291 g; 7-day
Table 1. Dietary compositionsa
Diet
HPLS HPHS LPHS LPLS
Caseinb 700 636 73 80
Cornstarch 120 109 130 130
Sucrose 0 0 537 613
Vegetable oil 140 127 127 140
NaCI 0 91 91 0
Salt mix (USP 14)C 30 27 27 30
L-Arginine HCI 0 0 5 0
Vitamin mix 10 9 10 7
aAlI values are in g/kg of diet. HPLS high protein, low salt;
HPHS = high protein, high salt; LPHS = low protein, high salt;
and LPLS = low protein, low salt.
bConsists of 90 to 91% actual protein.
Ccontains 77.1 g/kg of NaCI, 124.7 g/kg of KCI, 218.8 g/kg of
K2HPO4, 308.3 g/kg of Ca3(C6HO7)2 . 4HO, 112.8 g/kg of
Ca(H2P04)2. H20 and 152.3 g/kg of miscellaneous salts.
LPHS group, 171 to 465 g; 14-day LPHS group, 274
to 503 g; and HPHS group, 298 to 321 g. Each rat was
anesthetized with mactin (5-ethyl-5-( I -methyipropyl)-
2-thiobarbituric acid, 16 mg/100 g of body wt, i.p.).
Body temperature was maintained with a heated oper-
ating table connected to a temperature controller
(Yellow Springs Instruments Model 73). A tracheot-
omy was done and an external jugular vein was can-
nulated with polyethylene tubing (PE-60). After an
initial inulin prime (14 mg/100 g of body wt), a con-
stant infusion of inulin (0.7 mg/mm • 100 g of body
wt) in 0.9% saline solution (0.049 to 0.097 mI/mm)
was administered via the jugular cannula. In this man-
ner, plasma inulin concentrations were generally stabi-
lized at values between 50 and 100 mg/ 100 ml.
A right paramedian abdominal incision was made
and the right ureter was located 1 to 3 cm below the
renal pelvis. Without disturbing the kidney, a polyeth-
ylene catheter (PE-lO) was inserted into the ureter
with the tip reaching the renal pelvis. This allowed
quantitative unilateral urine collections.
After a 1.5-hr equilibration period, a tail blood
sample was taken and four to ten consecutive ten-min-
ute urine collections were taken. Urine samples were
discarded unless the urine flow rate was steady or
slowly changing. Following the last urine sample, a fi-
nal tail blood sample was obtained. Plasma solute
concentrations at the time of a urine collection period
were estimated by linear interpolation between initial
and final plasma solute concentration values.
Dexamethasone experiments on LPHS rats. Addi-
tional clearance experiments were done on rats main-
tained on the LPHS diet for seven days and given dai-
ly intramuscular injections of dexamethasone
(Decadron; Merck, Sharp and Dohme, 0.05 mg/day •
100 g of body wt) for either two or seven days prior to
the experiment. Dexamethasone was also given at a
constant rate in the i.v. infusion during each experi-
ment (1 1zg/min • 100 g of body wt). Diets, feeding
schedules and clearance techniques were as described
above for 7-day LPHS rats in the time-course experi-
ments. Animal weights .for these experiments ranged
from 202 to 316g.
Dexamethasone experiments on adrenalectomized
rats. The role of adrenal glucocorticoids in the regu-
lation of urea excretion was investigated further by ad-
ditional clearance experiments in dexamethasone-sub-
stituted and unsubstituted adrenalectomized rats.
Bilateral adrenalectomy was carried out through
small flank incisions in ether-anesthetized rats. The
rats were given 0.1 mg of hydrocortisone i.m. on the
day of surgery to assure survival beyond the acute sur-
gical period. The rats were fed a normal protein (NP)
diet (Purina Lab Chow: protein, 23.4%; carbohydrate,
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43.5%; fat, 4.5%; sodium, 0.49%; potassium, 0.82%;
chloride, 0.51%) and maintained on 0.9% NaCI drink-
ing water. Success of the adrenalectomy was con-
firmed in each animal by the observation of a reduced
Na:K concentration ratio in plasma obtained from the
tail seven days after surgery [20]. One-half of the adre-
nalectomized rats were given 0.05 mg/day • 100 g of
body wt of dexamethasone i.m. for three days prior to
clearance experiments. Dexamethasone was also in-
fused i.v. in dexamethasone-substituted animals dur-
ing the clearance experiments (0.5 tg/min • 100 g of
body wt). Animal weights on the day of clearance ex-
periments ranged from 204 to 453 g. Clearance proce-
dures were as described herein for the time-course ex-
periments.
Adrenalectomized rats with LPHS diet. Additional
clearance experiments were done in adrenalectomized
rats maintained on the LPHS diet for at least seven
days. Animals in this group weighed from 209 to 285 g
when clearance experiments were done. Techniques
for adrenalectomy and clearance experiments were as
already described herein.
Plasma corticosterone concentrations in HPLS,
LPHS and LPLS rats. Plasma corticosterone concen-
trations were measured in unanesthetized HPLS rats;
in 2-, 4-, and 7-day LPHS rats; and in 7-day LPLS
rats to determine whether changes in dietary protein
or salt intake affect plasma glucocorticoid concentra-
tions. Diets and feeding schedules were identical to
those of the time-course experiments described herein.
A regular schedule of light (8 AM to 6 PM) and dark-
ness (6 PM to 8 AM) was followed. Animals were de-
capitated between 6 PM and 8 PM and blood was col-
lected from the neck stump into heparinized beakers.
Chemical analyses. Plasma and urine inulin concen-
trations were measured by the anthrone method [21].
Urea concentrations were determined in duplicate
with either the Conway microdiffusion method [22], a
correction being made for urine ammonia, or the
diacetyl monoxime method adapted for use on an
auto-analyzer (Technicon) [23, 24]. The two urea
methods yielded consistent results in clearance experi-
ments. Sodium and potassium concentrations were
measured with a flame photometer (Instrumentation
Laboratories). Plasma corticosterone concentrations
were determined by the method of Silber, Busch and
Oslapas [25].
Analysis of clearance data. Means of excretion vari-
ables were calculated for each animal using data from
individual clearance periods. These "animal means"
were then used to calculate "group means" for each
variable in each treatment group.
Fractional urea excretion and U/P urea are highly
dependent on the level of diuresis [7]. Consequently, it
was desirable to minimize differences in group mean
U/P inulin values to make direct comparisons of urea
excretion data among treatment groups. To accom-
plish this, only clearance periods with U/P inulin val-
ues between 75 and 225 were used in the analysis of
clearance data. These limits were chosen because: a)
for low values of U/P inulin, little difference exists be-
tween levels of fractional urea excretion in animals fed
high protein and low protein diets [7], and b) very high
U/P inulin values were not as readily achieved in low
protein-fed rats as in high protein-fed rats. Animals
were not given antidiuretic hormone (ADH) or
thirsted prior to clearance experiments because condi-
tions of extreme antidiuresis tend to depress fractional
urea excretion even in animals fed high protein diets
[11]. Thus, in order to obtain maximal differences in
fractional urea excretion between HPLS and LPHS
rats, the stimuli of anesthesia and surgery were relied
upon to establish a more moderate level of antidiure-
sis. It has been assumed that in comparing animals
with similar U/P inulin values, ADH effects on solute
transport, e.g., possible effects on the urea per-
meability of the inner medullary collecting duct [26,
27], are nearly equal.
Student's t test (unpaired) has been used throughout
in the analysis of the data.
Results
Time course experiments. Clearance experiments
were carried out to investigate changes in renal func-
tion following initiation of dietary protein restriction.
To characterize caloric balance in these rats, daily
weights were recorded in four animals after switching
from the HPLS to the LPHS diet (Table 2). About
15% of the initial body weight was lost within four
days of the change in diets. Following the fourth day
of protein restriction, body weights were stable. This
indicates that LPHS-fed rats are able to achieve calor-
ic balance, but that caloric intake is somewhat lower
in LPHS-fed rats than in I-IPLS-fed rats. Daily intake
Table 2. Changes in animal weight following switch from high
protein, low salt to low protein, high salt diet
Days on Rat wta Fraction of
LPHS diet g HPLS level
O(HPLS) 293±28 1.000
1 279 32 0.952
2 268±34 0.915
3 259 35 0.884
4 254 35 0.867
5 248 38 0.846
6 246 33 0.840
7 249 34 0.850
a Mean sD for four rats.
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of the LPHS diet in a different set of rats was 38.1 to
78.6 g/kg of body wt when in caloric balance and 34.1
to 61.8 g/kg of body wt on the first day of LPHS feed-
ing. The consequence of the reduction in food intake in
LPHS-fed rats is that the degree of protein restriction
is magnified somewhat. However, the basic design of
the experiment is not disturbed.
Initial and final plasma solute concentrations dur-
ing clearance experiments are presented in Table 3.
Concentrations of inulin, urea, sodium and potassium
were stable during the course of the experiments sug-
gesting that the clearance of these solutes does not
change greatly during the experimental procedure and
that steady-state conditions have been achieved. The
mean plasma urea concentration was decreased in the
2-day LPHS rats relative to the HPLS rats (P < 0.02
for initial values; 0.05 < P < 0.10 for final values).
Further reductions in mean plasma urea concentration
do not consistently occur after the second day of pro-
tein restriction. Mean plasma sodium and potassium
concentrations do not change significantly in any of
the LPHS-fed groups relative to the HPLS-fed
groups.
Results of clearance experiments are presented in
Table 4. Mean U/P inulin values were similar for
HPLS rats and 2-, 4-, 7- and 14-day LPHS rats. U/P
inulin values varied from 166 31 in the HPLS group
down to 144 34 in the 7-day LPHS group.
Dietary protein restriction is commonly associated
with a reduction in glomerular filtration rate (GFR)
[7]. Although mean inulin clearances in 4-day, 7-day
and 14-day LPHS rats were reduced 9 to 15% relative
to the mean inulin clearance in the HPLS group, these
reductions were not statistically significant (Table 4).
Mean fractional urea excretion did not change sig-
nificantly from the HPLS level (0.50 0.03) for two
days after LPHS feeding was begun (Table 4). Mean
fractional urea excretion fell from 0.53 0.05 on the.
second day of dietary protein restriction to
0.37 0.02 on the fourth day and to 0.19 0.03 on
the seventh day. No further change in mean fractional
urea excretion occurred between the 7th day and the
14th day (0.23 0.03). Since the mean U/P inulin had
a similar value for all dietary groups, changes in mean
U/P urea followed a time course similar to that of
mean fractional urea excretion. Thus, the decrease in
mean plasma urea concentration (Table 3) preceded
the reduction in mean fractional urea excretion. This
observation is consistent with the finding in camels [1],
sheep [3] and humans [13] that tubular regulation of
urea excretion does not result directly from changes in
plasma urea concentration.
Changes in sodium and potassium excretion in re-
sponse to the shift from the HPLS to the LPHS diet
were also observed (Table 4). The mean fractional so-
dium excretion in the 2-day LPHS rats was signifi-
cantly increased relative to the value in the HPLS rats.
Mean fractional sodium excretion remained at an ele-
vated level from day 2 through day 14 of the LPHS re-
gimen although the difference relative to the HPLS
group was not statistically significant for the 14-day
LPHS group. Because of the similarity of U/P inulin
values among groups, mean U/P sodium followed a
time course similar to that of mean fractional sodium
excretion. Mean U/P potassium and mean fractional
potassium excretion remained at the HPLS level for
four days after the dietary change and then showed a
moderate decrease between the 4th and 14th days.
These changes reflect the decrease in potassium intake
in LPHS-fed animals which is due to the reduction in
the quantity of diet ingested and the slightly lower po-
tassium content of the LPHS diet (Table 1).
HPHS-fed rats. Clearance experiments were done
in rats fed a HPHS diet (Table 1) to determine wheth-
er the reduction in fractional urea excretion after
LPHS feeding shown in Table 4 may have been due to
an increase in salt intake rather than a reduction in
protein intake. Results are reported in Table 5. The
mean U/P inulin value for HPHS animals was 158
which is comparable to the value obtained in HPLS
Table 3. Initial and final plasma solute concentrations during clearance experimentsa
Days on
LPHS diet
Inulin, mg/100 ml
Initial Final
Urea, mM
Initial Final
Sodium,
Initial
mEq/liter
Final
Potassium, mEq/liter
Initial Final
0 (HPLS) 59.5
10.5
58.9
6.7
10.1
2.5
8.2
2.0
143.7
7.1
146.9
4.7
5.8
0.5
5.8
0.7
2 61.7
10.2
74.2
17.7
4.1
2.1
4.7
2.2
144.1
1.6
147.5
0.8
6.4
0.7
5.6
0.4
4 68.0 68.1 3.6 5.2 143.2 143.7 5.9 5.6
7 81.6
15.4
82.7
20.5
5.7
1.8
6.0
2.0
146.4
5.5
143.8
8.7
5.8
1.1
6.1
1.4
14 79.7
18.4
74.6
16.3
3.9
0.7
4.1
1.3
144.1
7.1
141.3
15.9
5.9
1.1
5.7
0.8
a Mean SD for animals presented in Table 4.
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Table 4. Clearance experiments in rats fed low protein, high salt diet for 0, 2, 4, 7 and days after maintenance on high protein, low salt dieta
Inulin
U/P
Urea
U/P
U/P inulin
Sodium Potassium
U/P U/P
U/P inulin
U/P Clearance U/P U/P
U/P inulin
Animal
No.
pJ/minkid-
ney-100 g of
body wi
A. 0-day LPHS(HPLS animals)
12 192 377 103 0.53 0.78 0.0040 12.0 0.063
13 162 536 68 0.42 1.42 0.0088 17.6 0.109
14 110 450 65 0.58 1.19 0.0108 13.7 0.126
21 188 456 84 0.46 0.56 0.0031 20.5 0.110
22 129 547 54 0.42 0.84 0.0067 8.9 0.070
27 193 628 88 0.46 1.08 0.0059 20.9 0.108
28 188 546 117 0.62 0.62 0.0034 25.3 0.135
Mean 166 506 83 0.50 0.93 0.0061 17.0 0.103
SCM 31(SD)b 31 8 0.03 0.12 0.0011 2.2 0.010
B. 2-dayLPHS
24
30
33
98
170
175
418
550
491
52
104
74
0.54
0.62
0.43
1.36
1.49
1.67
0.0142
0.0091
0.0098
15.0
11.7
17.2
0.156
0.070
0.101
Mean 148 486 77 0.53 1.51 0.0110 14.6 0.109
SCM 35(sD)b 38 15 0.05 0.09 0.0016 1.6 0.024C >0.5 >0.5 >0.5 <0.01 <0.05 >0.4 >0.5
C. 4-dayLPHS
25
26
31
32
141
161
140
175
410
463
382
587
48
56
58
57
0.37
0.36
0.42
0.32
1.23
1.22
1.42
2.24
0.0112
0.0080
0.0102
0.0130
10.8
18.8
11.9
18.9
0.084
0.119
0.091
0.108
Mean 154 460 55 0.37 1.53 0.0106 15.1 0.100
SCM 15(SD)b 45 2 0.02 0.24 0.0010 2.2 0.008
pc >0.4 <0.02 <0.01 >0.05 <0.02 >0.5 >0.5
D. 7-day LPHS
5
15
16
17
58
59
196
143
132
174
128
90
575
368
362
366
448
441
23
31
35
45
11
16
0.12
0.22
0.27
0.27
0.09
0.18
2.65
1.54
1.40
1.07
1.31
1.97
0.0136
0.0109
0.0106
0.0065
0.0106
0.0219
2.3
11.9
6.3
7.4
14.3
18.8
0.012
0.084
0.048
0.042
0.117
0.209
Mean 144 427 27 0.19 1.66 0.0124 10.2 0.085
SCM 34(SD)b 34 5 0.03 0.23 0.002 1 2.4 0.028
pc >0.1 <0.001 <0.001 <0.02 <0.05 >0.05 >0.5
E. 14-day LPHS
6
7
8
9
18
20
110
118
147
81
212
202
414
516
388
528
388
348
38
32
20
18
57
24
0.35
0.27
0.14
0.22
0.27
0.12
1.86
1.91
1.26
0.71
1.42
0.72
0.0171
0.0161
0.0086
0.0087
0.0067
0.0036
7.0
11.2
8.2
3.8
2.6
9.7
0.064
0.094
0.056
0.047
0.124
0.048
Mean 145 430 32 0.23 1.31 0.0101 7.1 0.072
SEM 48(sD)b 30 6 0.03 0.21 0.0022 1.4 0.012
pc <0.1 <0.001 <0.001 >0.1 >0.1 <0.01 >0.05
Values for individual animals are means calculated from several clearance periods.
b su is given for U/P inulin because it is not a random variable.
Significance level for difference of means vs. 0-day LPHS group.
animals (Table 4). Interestingly, the mean inulin clear- Dependence of U/P urea and fractional urea excre-
ance was significantly elevated in HPHS rats relative Zion on U/P inulin. Figure 1 shows U/P urea plotted
to HPLS rats. However, no difference was seen in ei- against U/P inulin for all HPLS rats and all LPHS
ther U/P urea or fractional urea excretion values in rats (maintenance on LPHS diet for 7 or 14 days).
HPHS rats as compared to HPLS rats. Thus, the re- Each point represents measurements for a single clear-
duction in fractional urea excretion in LPHS animals ance period. The relationship between U/P urea and
is almost entirely due to the reduction in protein in- U/P inulin in HPLS and LPHS rats is qualitatively
take. As expected, U/P sodium was increased in similar to the relationships seen in other mammals fed
HPHS rats relative to HPLS animals. U/P potassium high and low protein diets [7]. In HPLS rats, U/P
was not changed. urea was strongly dependent on U/P inulin. As U/P
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Table 5. Clearance experiments in rats fed high protein, high salt diets
Inulin Urea
U/P Clearance U/P U/P U/P
pJ/min.kid- U/P inulin
Sodium Potassium
U/P
U/P inulin
U/P U/P
U/P inulin
Animal ney•lOOg of
No. bodywt
78 131 706 64 0.49 2.29 0.0182 19.3 0.146
80 146 708 87 0.59 1.33 0.0094 8.2 0.060
81 186 606 66 0.35 1.34 0.0074 10.9 0.061
83 170 774 66 0.40 1.83 0.0111 22.5 0.132
Mean 158 698 71 0.46 1.70 0.01 15 15.2 0.100
SEM 21(SD)b 35 5 0.05 0.23 0.0023 3.4 0.022
PC <0.01 >0.1 >0.5 <0.02 >0.05 >0.5 >0.5
a Values for mdividual animals are means calculated from several clearance periods.
bs isgiven for U/P inulin because it is not a random variable.
CSignificance level for difference of means vs. HPLS group (Table 4A).
inulin increased, U/P urea increased proportionally
such that the fractional urea excretion remained close
to 0.50 over the entire range of U/P inulin values stud-
ied. U/P urea values approaching 200 were achieved
in highly antidiuretic HPLS animals. In LPHS rats,
U/P urea was essentially independent of U/P inulin
over a range of U/P inulin values from 70 to 330. Only
infrequently did U/P urea values rise above 50 in
LPHS animals. The difference in U/P urea between
HPLS and LPHS animals was large for the highest
U/P inulin values and was small for the lowest U/P
inulin values studied.
Effects of dexamethasone on LPHS rats (Table 6).
To test whether glucocorticoids have an effect on urea
excretion, dexamethasone was administered to 7-day
LPHS rats in daily i.m. injections for either two or
seven days and was infused during each clearance ex-
C 100
20
periment. Data from 7-day and 14-day LPHS rats in
the time-course study (Table 4) were combined to
serve as a control. Mean U/P inulin values were sim-
ilar in the treated and untreated groups. Mean U/P
urea and mean fractional urea excretion were signifi-
cantly increased in LPHS rats given dexamethasone
for seven days, but not in LPHS rats given dexa-
methasone for only two days. The lack of effect with 2-
day administration of dexamethasone suggests that
acute increases in endogenous glucocorticoid output
which may have occurred in the time-course experi-
ments in response to the stress of anesthesia and sur-
gery [28] were unlikely to have influenced fractional
urea excretion. Seven-day dexamethasone administra-
tion increased U/P urea and fractional urea excretion
to the levels observed in HPLS rats (Table 4) in only
one rat (rat 36). The remaining three rats which re-
ceived dexamethasone for seven days exhibited consid-
erably smaller increases in U/P urea and fractional
urea excretion. Two-day and 7-day administration of
dexamethasone produced small increases in mean in-
ulin clearance, but these increases were not statistical-
ly significant. A significant increase in mean plasma
urea concentration resulted from 2-day administration
of dexamethasone. This increase was probably due to
the protein catabolic effect of glucocorticoid hor-
mones [29]. The fact that the mean plasma urea con-
centration was not also elevated after 7-day adminis-
tration of dexamethasone may be attributable to the
increased fractional urea excretion in these animals.
Effects of dexamethasone on adrenalectomized rats.
To further evaluate the effects of glucocorticoids on
renal function, additional clearance experiments were
done on adrenalectomized rats with and without dexa-
methasone substitution (Tables 7, A and B, and 8).
These animals were fed a standard normal-protein
(NP) diet. Values of mean U/P inulin were similar for
the two groups.
s—High protein
•—Low protein300
200
= 1.0
= 0.5
50
= 0.2
= 0.1
200 300100
U/P inulin
Fig. 1. Relationship between U/P urea and U/P inulin in rats fed
high protein, low salt and low protein. high salt diets. Diagonal lines
indicate fraction of filtered urea excreted (FFUE).
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Table 6. Effect of chronic administration of dexamethasone on inulin clearance, urea excretion and plasma urea concentration in rats fed low
protein, high salt dicta
Inulin Urea Plasma urea con-
centrationb mMU/P U/P
U/P inulin
U/P Clearance
Animal pJ/minkidney.
No. lOOgof body wt
A. LPHS rats without dexamethasonec
Mean 144 428 29 0.21 4.9
SCM 42(sD)e 22 4 0.02 0.5
B. LPHS rats with dexamethasone (2 days)
52 123 407 28 0.23 12.8
53 87 407 42 0.49 6.5
54 171 583 32 0.20 10.0
55 126 476 26 0.21 15.9
Mean 127 468 32 0.28 11.3
SCM 30(so)e 42 4 0.07 2.0
Pd >0.4 >0.5 >0.3 <0.01
C. LPHS rats with dexamethasone (7 days)
35 152 448 36 0.24 5.6
36 160 521 81 0.51 4.4
37 116 452 46 0.40 5.4
38 134 518 48 0.37 4.5
Mean 140 485 53 0.38 5.0
SCM l7(sD)e 20 10 0.06 0.3d >0.05 <0.05 <0.02 >0.4
a Values of excretion variables for individual animals are means calculated from several clearance periods.
byalues for individual animals are averages of initial and final concentrations.
C Grouped 7-and 14-day LPHS rats (Table 3 and 4).
dSignificance level for difference of means vs. control.
e50 is given for U/P inulin since it is not a random variable.
Adrenalectomy results in a large decrease in GFR
in mactin-anesthetized rats, an effect which is reversed
by chronic administration of cortisone or dexametha-
sone [20, 30]. This study confirms that finding (Table
7). Adrenalectomy reduced the mean inulin clearance
to 214 28 isl/min • kidney • 100 g of body wt,
which may be compared with the value observed in
HPLS rats without adrenalectomy (506 31 sl/
mm • kidney • 100 g of body wt, Table 4). Three-day
dexamethasone administration restored mean inulin
clearance to 459 29 ii!! mm • kidney • 100 g of
body wt.
In adrenalectomized rats fed a normal diet (Table
7), mean U/P urea (26 5) and mean fractional urea
excretion (0.22 0.03) were comparable to values ob-
tained in 7-day LPHS rats (27 5 and 0.19 0.03,
respectively, Table 4). Three-day administration of
dexamethasone resulted in a statistically significant in-
crease in both mean U/P urea (53 3) and mean
fractional urea excretion (0.44 0.03). The mean
plasma urea concentration in dexamethasone-sub-
stituted adrenalectomized rats was not changed rela-
tive to the value in unsubstituted adrenalectomized
rats (Table 8).
Mean U/P sodium and fractional sodium excretion
were significantly increased in dexamethasone-treated
adrenalectomized rats relative to untreated adrenalec-
tomized rats (Table 7). Wiederholt and Wiederholt
[30] demonstrated a similar increase in fractional so-
dium excretion in response to dexamethasone admin-
istration in adrenalectomized rats. Dexamethasone
administration did not produce a demonstrable effect
on potassium excretion in adrenalectomized rats. Nei-
ther the mean plasma sodium concentration nor the
mean plasma potassium concentration was changed
by dexamethasone administration (Table 8).
LPHS-fed adrenalectomized rats. Clearance experi-
ments were done on adrenalectomized rats fed the
LPHS diet to determine whether the effects of protein
restriction and adrenalectomy on fractional urea ex-
cretion are additive (Table 7C). The mean U/P inulin
value in these animals was 106 12 (SD), which is
only slightly lower than the level obtained in NP-fed
adrenalectomized animals. Mean U/P urea and mean
fractional urea excretion were unchanged relative to
the NP adrenalectomized animals, a finding which
suggests that protein restriction and adrenalectomy do
not have additive effects on renal urea handling. Mean
inulin clearance, mean U/P potassium and mean frac-
tional potassium excretion were not significantly al-
tered in response to protein restriction in adrenalecto-
mized rats. Mean U/P sodium and mean fractional
sodium excretion were, however, significantly in-
creased in response to the high salt content of the
LPHS diet. The mean plasma urea concentration was
lower in LPHS-fed than NP-fed adrenalectomized
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Table 7. Clearance experiments in adrenalectomized ratsa
Inulin Urea Sodium Potassium
U/P Clearance U/P U/P U/P U/P U/P U/P
,d/min.kid- U/P inulin U/P inulin U/P inulin
Animal neylOO g of
No. bodyw:
A. Adrenalectomized rots, NP diet
47 126 136 26 0.21 1.65 0.0131 19.0 0.152
48 108 291 21 0.21 1.26 0.0127 25.0 0.232
49 145 336 42 0.30 1.36 0.0103 27.2 0.183
50 149 196 15 0.10 0.73 0.0050 19.3 0.130
51 105 114 16 0.16 0.73 0.0071 15.6 0.154
60 147 275 51 0.35 0.96 0.0068 42.3 0.290
61 84 218 22 0.27 1.27 0.0154 12.1 0.146
63 93 150 12 0.14 0.36 0.0040 10.9 0.122
Mean 120 214 26 0.22 1.04 0.0093 21.4 0.176
SEM 24(sD)b 28 5 0,03 0.15 0.0015 3.6 0.020
B. Adrenalectomized rats with dexamethasone (3 days), NP diet
43 200 530 69 0.35 0.70 0.0036 20.7 0.104
44 132 435 45 0.34 2.26 0.0172 29.3 0.223
45 165 575 62 0.38 1.98 0.0124 29.7 0.184
64 103 359 48 0.47 2.01 0.0195 27.2 0.263
66 86 516 46 0.54 2.67 0.0310 21.7 0.252
68 131 414 45 0.35 1.85 0.0146 43.6 0.331
69 101 492 49 0.49 2.10 0.0212 31.3 0.311
70 105 348 59 0.56 2.72 0.0260 31.4 0.300
Mean 128 459 53 0.44 2.04 0.0 182 29.4 0.246
SEM 36(sD)b 29 3 0.03 0.22 0.0030 2.5 0.026
pc <0.001 <0.001 <0.001 <0.01 <0.02 >0.05 >0.05
C. Adrenalectomized rots. LPHS diet
71 94 279 18 0.19 1.54 0.0164 12.7 0.138
72 95 242 38 0.42 1.74 0.0194 11.4 0.122
74 112 354 15 0.14 1.16 0.0107 16.9 0.158
75 123 271 22 0.18 1.58 0.0136 15.9 0.133
Mean 106 286 23 0.23 1.50 0.0150 14.2 0.138
SEM 12(sD)b 24 5 0.06 0.12 0.0019 1.3 0.007
DC >0.05 >0.5 >0.5 <0.05 <0.05 >0.05 >0.05
a Values for individual rats are means calculated from several clearance periods.
bSD is given because U/P inulin is not a random variable in this study.
cSignificance level for difference of means vs. unsubstituted NP group.
rats, but this difference did not attain a significant 1ev- nalectomy resulted in a low fractional urea excretion
ci (Table 8). Plasma sodium and potassium concentra- in animals fed a NP diet. Three-day administration of
tions also were not significantly changed by LPHS dexamethasone in adrenalectomized animals fed a NP
feeding. diet produced a large increase in mean fractional urea
Comparison of clearance results. Mean fractional excretion, but not to the level of HPLS non-
urea excretion values for various treatments are corn- adrenalectomized rats. Mean fractional urea excretion
pared in Fig. 2. The 60% reduction in mean fractional in LPHS adrenalectomized rats was not depressed be-
urea excretion in LPHS animals relative to HPLS ani- low the levels observed in NP adrenalectomized rats
mals was partially counteracted by 7-day administra- or LPHS nonadrenalectomized rats indicating that
tion of dexamethasone. Fractional urea excretion in the effects of protein restriction and adrenalectomy
HPHS rats was similar to that in HPLS rats. Adre- are not additive.
Table 8. Plasma solute concentrations in adrenalectomized ratsa
Animals Urea Sodium Potassium
Treatment N mri mEq/liler ,nEq/liter
Adrenalectomy, NP diet 7 9.9 1.0 146.6 1.0 6.8 0.6
Adrenalectomy, NP diet,
dexamethasone-substituted 8 9.8 0.4b 147.6 1.2b 6.2 0.2b
Adrenalectomy, LPHS diet 4 7.0 0.9b 144.7 O.5b 5.8 0.3b
a Mean SEM of average of initial and final concentrations for clearance experiments.
b NS vs. unsubstituted group (P> 0.05).
Regulation of urea excretion in rats 311
Fig. 2. Comparison of effects of various treatments on fraction of
filtered urea excreted. From left to right: high protein, low salt
(HPLS) diet; 7-day low protein, high salt (LPHS) diet; 7-day high
protein, high salt (HPHS) diet; 7-day LPHS diet with 7-day admin-
istration of dexamethasone; adrenalectomized rats with normal pro-
tein (NP) diet; adrenalectomized rats with NP diet and 3-day ad-
ministration of dexamethasone; adrenalectomized rats with LPHS
diet.
Plasma corticosterone concentrations. To deter-
mine whether protein intake has an effect on plasma
glucocorticoid concentrations, plasma corticosterone
concentrations were measured in unanesthetized
HPLS; 2-day, 4-day and 7-day LPHS; and 7-day
LPLS rats (Fig. 3). Plasma samples were collected in
the early evening (6 to 8 PM) because peak corticoster-
one concentrations occur at this time in the normal
diurnal cycle of the rat [31]. The mean plasma corti-
costerone concentration for 7-day LPHS rats
(0.17 0.02 ,ig/ml) was significantly decreased rela-
tive to the mean plasma corticosterone concentration
in HPLS animals (0.31 0.03 tg/ml). Mean plasma
corticosterone concentrations in 2-day (0.26 0.04
sg/ml) and 4-day (0.26 0.04 iig/ml) LPHS rats
were lower than the value for HPLS rats, but these dif-
ferences were not statistically significant. A decrease
in mean plasma corticosterone concentration was also
found in LPLS rats (0.26 0.07 ,sg/ml) relative to
HPLS animals. This decrease was not statistically sig-
nificant. Figure 3 shows, however, that with the ex-
ception of one very high value (0.69 ,ig/ml), values for
LPLS animals fall in the same range as values for
LPHS animals.
Discussion
Changes in urea excretion in response to protein re-
striction. Earlier studies have demonstrated a signifi-
cant decrease in the fraction of filtered urea excreted
in nondiuretic rats after maintenance for extended pe-
nods on protein-restricted diets [10, 11]. The present
observations confirm these findings and demonstrate
that the reduction in fractional urea excretion is ac-
complished between the second and seventh days of
dietary protein restriction in rats after a two-day lag in
response (Table 4). Rabinowitz et al [6] have shown
that 10 to 12 days are required to attain full adjust-
ment of fractional urea excretion in response to low
protein feeding in sheep. They did not demonstrate an
initial lag. Additional experiments in HPHS rats
(Table 5) suggest that the reduction in fractional urea
excretion in LPHS rats is not due to the increase in
salt intake in these animals.
The tubular regulation of urea excretion is highly
effective for high values of U/P inulin and is relatively
ineffective for low U/P inulin values (Fig. 1). Since UI
P inulin is chiefly determined by the degree of water
reabsorption in the distal nephron, this suggests that
water reabsorption in the distal nephron is a necessary
component of the regulatory phenomenon. Micro-
puncture studies [14, 15] point out that the chief site of
tubular regulation of urea excretion is the collecting
duct. The reabsorption of urea from the collecting
duct by passive diffusion and solvent drag both depend
on water reabsorption from the collecting duct. For
passive urea diffusion, water reabsorption is necessary
to create adequate urea concentration differences
across the tubular membrane. For solvent drag, water
reabsorption is of course directly responsible for the
0.26 0.04 0.17 0.02
(NS) (P<0.0l)
0.26 0.04 0.26 0.07
(NS) (NS)
0.60
0.50Q
0 040
0.30
0
0.20
I-0
0.10
0.00
0.31 0.03
S
S
I I I I
HPLS 2—day 4—day 7—day LPLS
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Fig. 3. Early evening plasma corficosterone concentrations in rats
fed high protein, low salt (HPLS) diet; low protein, high salt(LPHS) diet for two, four or seven days; or low protein, low salt
(LPLS) diet for seven days. Mean SEM (significance level vs.
HPLS) indicated above each column. Horizontal bars indicate
mean values.
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/ NP
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movement of urea across the membrane. Con-
sequently, the degree of alteration in urea excretion in
response to changes in passive urea permeability or re-
flection coefficient for urea in the collecting duct
would be expected to vary directly with water reab-
sorption and with U/P inulin. Therefore, the observa-
tion of an increased difference in U/P urea between
rats fed high and low protein diets for larger U/P in-
ulin values (Fig. 1) is consistent with the idea that an
alteration in a passive mode of urea reabsorption is re-
sponsible for the tubular regulation of urea excretion.
The most popular hypothesis put forward to explain
the regulation of urea excretion is that a urea active
transport mechanism in the collecting duct functions
at a greater rate in response to protein restriction [11,
14, 16—19]. Clearly, the results of the present study do
not exclude this hypothesis. The primary experimental
support for this hypothesis lies in the fact that an up-
hill urea concentration gradient exists between ure-
teral urine and medullary tissue fluid [11, 14, 16, 191
or, alternatively, between collecting duct fluid and
vasa recta plasma [17, 18]. A recent systems modeling
study of the regulation of urea excretion (Knepper
MA, Saidel GM, Palatt PJ: In press, Med Biol Eng)
suggests that these uphill urea concentration gradients
can be explained without the assumption of active
urea transport providing that urea can be concen-
trated in the descending limb of Henle by water
abstraction. Since conflicting evidence exists con-
cerning the urea permeability characteristics of the
descending limb [26, 32], further experimental in-
vestigation will be required to establish the feasibility
of a purely passive mechanism for establishment of
the uphill urea concentration gradient.
The role of glucocorticoids in the regulation of urea
excretion. The frequent association of reduced GFR
with reduced fractional urea excretion in response to
protein restriction [7] suggests that a common factor
may be involved in the regulation of GFR and frac-
tional urea excretion. Since glucocorticoids increase
GFR [20, 30], it is possible that they also play a role in
the regulation of urea excretion. Schmidt-Nielsen and
Osaki [2] have demonstrated an inconsistent effect of
chronically administered ACTH and hydrocortisone
on urea excretion in protein-restricted sheep. In the
present study, we have shown a significant increase in
mean fractional urea excretion in response to adminis-
tration of dexamethasone in LPHS rats (Table 6) and
in adrenalectomized rats (Table 7). However, dexa-
methasone administration also caused a large increase
in GFR in adrenalectomized animals and a less
marked increase in GFR in LPHS animals. Thus, the
possibility that increases in fractional urea excretion
resulting from dexamethasone administration were
caused by simultaneous increases in GFR rather than
from a direct tubular effect could not be ruled out. The
study of Park and Rabinowitz [33] demonstrating par-
allel reductions in GFR and fractional urea excretion
in response to occlusion of the aorta above the renal
arteries in dogs supports this possibility.
Evidence suggesting that glucocorticoids may have
a direct tubular effect is derived from clearance studies
in animals subjected to both adrenalectomy and pro-
tein restriction. If the causes of the reductions in frac-
tional urea excretion in response to adrenalectomy
and protein restriction are different, it may be ex-
pected that the effects of these two factors on fraction-
al urea excretion would be at least partially additive.
However, fractional urea excretion was found to be no
lower in LPHS adrenalectomized rats than in LPHS
nonadrenalectomized rats or NP adrenalectomized
rats (Fig. 2). This result constitutes strong evidence
that glucocorticoids are involved in the regulation of
urea excretion. If it is assumed glucocorticoids are di-
rectly responsible for the regulation of urea excretion,
it must be further assumed that they have a direct
tubular effect since the site of adjustment in urea reab-
sorption during protein restriction is known to be the
collecting duct. [14, 15].
Evidence that glucocorticoids affect renal tubular
membrane transport properties is good. Findings of
the micropuncture studies of Stolte et a! [20] and Wie-
derholt and Wiederholt [30] in inbred Wistar rats (FW
49) suggest that the defect in water excretion following
adrenalectomy results at least in part from an increase
in distal tubular water permeability which is correct-
able by administration of dexamethasone or corti-
sone. Wiederholt and Wiederholt [30] further observe
that the increase in water permeability in adrenalec-
tomy is localized to the second half of the distal tu-
bule. The morphologic findings of Woodhall and Tish-
er [34] indicate that in Wistar rats approximately the
final 50% of the accessible distal tubule (as defined by
the micropuncturist) is actually the initial collecting
tubule, a segment which is embryologically part of the
collecting system and which morphologically resem-
bles the cortical collecting duct. These observations
suggest that the increase in water permeability in re-
sponse to adrenalectomy with restoration of normal
permeability after glucocorticoid administration is a
characteristic of the initial collecting tubule and cor-
tical collecting tubule, rather than of the distal con-
voluted tubule proper. Whether glucocorticoids may
similarly affect membrane transport indexes for urea
is unknown. However, it is reasonable to hypothesize
that glucocorticoids cause a decrease in urea per-
meability in the collecting duct in parallel with the
presumed glucocorticoid-induced decrease in water
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permeability. Accordingly, a reduction in plasma
glucocorticoid concentration in response to protein re-
striction could allow an increase in passive urea reab-
sorption from the cortical collecting duct and, con-
sequently, a reduction in fractional urea excretion.
Joppich and Deetjen [35] have shown in Brattleboro
rats that protein restriction does not affect the urea
permeability coefficient of the distal tubule. In Brattle-
boro rats only about 10% of the distal tubule has epi-
thelium characteristic of the cortical collecting duct,
the remainder being characteristic of the distal con-
voluted tubule proper [34]. Thus, the findings of Jop-
pich and Deetjen probably pertain only to the distal
convoluted tubule and do not contradict the hypothe-
sis that changes in the collecting duct are involved in
the regulation of urea excretion.
Stolte et al [20] have shown that approximately six
days are required for full development of the water ex-
cretion defect following adrenalectomy in rats. Fur-
thermore, most of the development occurs after the
third day following adrenalectomy. Thus, the time
course of the development of the water excretion de-
fect following adrenalectomy is similar to the time
course of changes in fractional urea excretion in re-
sponse to LPHS feeding (Table 4). The similarity in
time courses further suggests that the development of
the water excretion defect following adrenalectomy
and the reduction in fractional urea excretion after
protein restriction may be manifestations of the same
physical event, namely, a reduction in glucocorticoid
stimulus to the renal tubule.
The possibility that glucocorticoids may play a
physiologic role in the regulation of urea excretion re-
ceives further support from the observation of a de-
creased mean plasma corticosterone concentration in
7-day LPHS rats relative to HPLS rats (Fig. 3). To
determine whether the decrease in mean plasma corti-
costerone concentration in LPHS rats may have been
due to the high salt content of the diet, additional
measurements were carried out in LPLS animals. The
mean corticosterone concentration in these animals
was also reduced relative to HPLS animals, but not to
a statistically significant level chiefly because of one
extremely high value in this group. The remaining val-
ues correspond well with those in the LPHS group. It
is impossible to say whether this single extremely high
value was due to experimental error or was an accu-
rate value in an exceptional animal. However, it seems
appropriate to emphasize, in light of the large amount
of scatter in all of the data, that factors other than diet
are involved in the control of plasma glucocorticoid
concentrations. Consequently, changes in fractional
urea excretion would be expected in response to fac-
tors other than protein intake.
Although we have presented data suggesting that
protein restriction reduces plasma glucocorticoid con-
centrations, fasting is thought to increase plasma
glucocorticoids in rats [36]. Rabinowitz et al [6] have
shown that fasting in sheep increases fractional urea
excretion to levels above those seen in protein-restrict-
ed sheep. Assuming that fasting increases plasma
glucocorticoid concentrations in sheep as it does in
rats, the increase in fractional urea excretion in fasted
sheep may be explained as a response to increased
glucocorticoid stimulus.
In summary, a considerable body of evidence has
been presented which is consistent with the hypothesis
that glucocorticoids are involved in the regulation of
urea excretion by virtue of a direct effect on tubular
transport of urea. However, this hypothesis could not
be proven with certainty, chiefly because it was not
possible to isolate changes in GFR and fractional urea
excretion resulting from glucocorticoid administra-
tion. Clearly, micropuncture studies will be needed to
solve this problem.
Other factors which may be involved in the regu-
lation of urea excretion. Although we have presented
evidence suggesting a direct role of glucocorticoid hor-
mones in the regulation of urea excretion, it is possible
that glucocorticoids affect urea excretion indirectly
through some intermediate factor. Other inputs could
exert positive or negative influences on this unknown
factor. Such interactions could explain the failure of
dexamethasone administration in LPHS rats to fully
restore fractional urea excretion to the HPLS level.
Glucagon has been mentioned as a possible con-
trolling factor in the regulation of urea excretion [6].
Protein ingestion and hyperaminoacidemia are potent
stimuli to the secretion of pancreatic glucagon [37—
39]. In addition, glucocorticoid administration has re-
cently been shown to increase glucagon secretion in
man [40, 41]. Thus, the effects of protein intake and
glucocorticoid administration on fractional urea ex-
cretion demonstrated in this study could be mediated
through glucagon.
In addition, it has been suggested that changes in
plasma amino acid concentrations have a direct effect
on urea excretion by altering renal metabolism [6].
Since total plasma amino acids and the concentrations
of most individual amino acids are reduced as a result
of protein deprivation [42], this hypothesis suggests
that decreased plasma amino acid concentrations re-
sult in a decrease in fractional urea excretion. Chronic
administration of hydrocortisone causes a decrease in
plasma amino acid concentrations in rats [43]. There-
fore, chronic dexamethasone administration would
also be expected to decrease plasma amino acid con-
centrations and according to the stated hypothesis
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would be expected to reduce fractional urea excretion.
Since the administration of dexamethasone to 7-day
LPHS rats increased fractional urea excretion (Table
5), the results of this study do not support the idea that
changes in plasma amino acid concentrations are di-
rectly responsible for the tubular regulation of urea
excretion.
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